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ABSTRACT 
PROPERTIES OF ASPHALT MIXTURES CONTAINING RAP 
by 
Luke Franz Mitchell 
University of New Hampshire, May, 2010 
Recycling has become a necessity in today's world as natural resources, quality materials, 
and landfills have become less accessible. This project looks at how varying percentages 
of Reclaimed Asphalt Pavement (RAP) affect the volumetric and mechanistic properties 
of an asphalt concrete mixture. Specimens were made with 0%, 15%, 25%, 40%, and 
100% RAP, with 0% RAP used as the baseline condition. Based on statistical analysis, 
the 0% RAP specimens had significantly lower stiffness than the 40% RAP specimens 
and significantly lower strength than the 15%, 25% and 40% RAP specimens. The high 
air void content of the 100% RAP specimens made them incomparable with the other 
specimens. The voids in mineral aggregate and voids filled by asphalt showed an 
increasing trend as the RAP content was increased. 
Compaction type was also studied in this project. Specimens that were laboratory 




1.1 Background of Research 
Recycling has become a necessity in today's world as natural resources are dwindling, 
quality materials are more expensive, and landfills are filling up. Practices involving 
recycling, reclamation, and/or rehabilitation of existing infrastructure are necessary for 
the future wellbeing of our society. Asphalt concrete is a more commonly used driving 
surface than Portland cement concrete, and is recycled in much greater quantity as well. 
It is also the most recycled material on earth, by both percent of potentially wasted 
material and by overall weight (9). Asphalt concrete is recycled by removing and 
processing the existing road surface, then mixing in virgin material to create a usable mix 
design. The processing can be done on location or at a centralized processing plant, 
depending on the type of recycling and paving being done. Many paving agencies, 
including individual states' Department of Transportation (DOT), Public Works 
Departments, and local contractors, use reclaimed asphalt pavement (RAP), or some 
variation of recycled pavement, in their new overlays and/or base courses. The New 
Hampshire Department of Transportation (NHDOT), who funded this study, allows 
between 10% and 50% of the final asphalt structural section to be made up of RAP 
depending on the layer and type of mixing plant (29). 
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The purpose of this research is to gain a better understanding of how the addition 
of RAP affects the overall properties of the final asphalt concrete. Since prior RAP usage 
in New Hampshire has been conservative, this study looks at the effects of larger 
percentages and tries to identify patterns and trends between the amount of RAP and the 
mechanical properties of the asphalt concrete. The effects of adding RAP to a particular 
mix design are evaluated by comparing the dynamic modulus, strength, and volumetric 
properties of a series of specimens containing different percentages of RAP. Previous 
work done for the Recycled Materials Research Center (RMRC) at the University of New 
Hampshire (UNH), looked at how different percentages of RAP affected the mechanical 
and volumetric properties, such as dynamic modulus, creep compliance, percent air voids 
(Va), Voids in Mineral Aggregate (VMA) and Voids Filled with Asphalt (VFA). The 
study also looked at how the heating time affected the RAP's ability to mix with the 
virgin materials. The findings of that study are discussed in more detail later. 
Besides the economic and environmental benefits that using RAP offers, adding 
RAP to a mixture can result in a higher quality final product. The aggregate in the RAP 
stockpile can sometimes be of better quality than the materials available at a particular 
time or place; such an instance can occur when governmental or natural restrictions make 
the RAP's original material unavailable or uneconomical to obtain in virgin form. The 
aged binder in RAP is normally stiffer and, when mixed with virgin material, often 
creates a stiffer final product, which can be an advantage in some cases. However, one 
possible downfall of using more RAP is an unfavorable mix design, caused by changes in 
the mix's gradation, porosity, source material, and asphalt binder content. 
2 
The present work uses a macroscopic approach of testing to better understand the 
effects of increased percentages of RAP on the final material's overall mechanistic and 
volumetric properties. The properties researched in this study are: dynamic modulus, 
strength, VMA, VFA, Va , Dust Proportion (DP), and theoretical maximum specific 
gravity (G,™,). 
This project also considered the effects of mixing and compacting locations, i.e. 
laboratory vs. plant mixing and laboratory vs. field compacting, on the overall 
performance of the mix. Specimens that have been lab-mix lab-compacted will be 
compared to those of similar preparation but varying RAP quantities (with the exception 
of the 100% RAP - field cores), while specimens that have been plant-mix field-
compacted and plant-mix lab-compacted will have identical RAP contents and the 




2.1 Preceding Information 
Recycling of pavement, in one form or another, has been done for many years, but 
it was the gas embargo during the early 1970's that really put the spotlight on high 
percentage asphalt concrete recycling. During this time the Washington State 
Department of Transportation (WSDOT) laid two sections, both with more than 70% 
RAP, neither of which showed any unusual aging or deterioration over their 16 year 
lifespan, and actually performed better than the full virgin sections laid that year. RAP 
has since become the "single most recycled material in the world" with over 80% of the 
41 million metric tons removed annually being recycled (9). 
Recently, the decreasing space in landfills and increasing cost of virgin materials 
are driving up the need for, and interest in, higher RAP contents in hot mix asphalt. The 
benefit of researching the effects of RAP content has become well worth the cost and 
hence private companies along with governmental and educational agencies have been 
heavily investing in this research area. 
The results of a survey conducted by the Ministry of Transportation, Ontario, 
Canada, showed that 20 U.S. states allowed 30% RAP or more in their base layer mixes, 
15 U.S. states allowed 30% RAP or more in their intermediate layers, and 5 U.S. states 
allowed 30% RAP or more in their surface courses. Four states that allowed 25% RAP or 
more in underlying layers allowed 0% RAP in surface mixes. Most state agencies 
4 
(96%), including the Ministry of Transportation of Ontario, Canada, allow for limited 
percentage of RAP in some part of their mixes, while Kentucky, Michigan, and Utah 
allow unlimited usage of RAP. When using RAP, most states required a drop in PG 
binder grade or further testing and documentation if the RAP content is above 15% (29). 
In previous work done for the RMRC at UNH, entitled "Properties of Asphalt 
Mixtures Containing RAP" (hereafter referred to as "RMRC Project 9"), mixtures were 
tested with varying percentages of RAP for uniaxial dynamic modulus (tension and 
compression), uniaxial creep, and volumetric properties. While designing mixes for the 
0%, 25%, and 40% RAP mixtures, RMRC Project 9 kept the ratio of RAP and virgin 
aggregate stockpiles equal to that of the 15% RAP mix design, which resulted in slight 
variations of the final gradation curves. Present work ignored the stockpile ratios and 
tried to match gradation curves as closely as possible. RMRC Project 9 looked at various 
lengths of heating time for the RAP prior to mixing, which differed from present work. 
RMRC Project 9 also differed in the method in which the RAP was handled and 
proportioned into the mix, as well as the materials and mix design. Present work used the 
Indirect Tension (IDT) method for dynamic modulus testing, performed strength testing, 
and used a constant premix heating time for the RAP, which all differed from RMRC 
Project 9. 
The results of RMRC Project 9 were one of the reasons that this project was 
funded and structured the way it was. RMRC Project 9 found that with the addition of 
RAP (from 0% to 15%) the mix stiffness increased, with a greater increase in 





1.0E-03 1.0E+05 1.0E+07 1.0E-0I 1.GE+0! 1.QEHB 
Reduced Frequency (Hz) 
* 0%RAP 0% RAP MSE Fit « 15% RAP - — 1 5 % RAP MSE Fit 
Figure 2.1: Comparison of 0% and 15% RAP Dynamic Modulus Master Curves in 
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Figure 2.2: Comparison of 0% and 15% RAP Dynamic Modulus Master Curves in 
Tension at 20°C (13) 
Since the binder in the RAP has aged it is more stiff and brittle than virgin binder; 
therefore, the addition of RAP should increase the mix's overall stiffness. This in turn, 
leads to an increase in fatigue and thermal cracking susceptibility. The systematic 
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increase in stiffness with increase in RAP was not the case in RMRC Project 9. The 0% 
RAP mix design had a similar dynamic modulus master curve as the 25% and 40% RAP 
mix designs, showing that the difference in stiffness between those mixes was minimal. 
The 15% RAP mix design was stiffest throughout most of the dynamic modulus testing 
with the exception of the 0.001 Hz to about 10 Hz range where the 40% RAP mix design 
was the stiffest. A function of each mix design's master curve was created by 
minimizing the sum of the mean squared error for that mix's dynamic modulus testing 
values. This resulted in a single master curve for each set of specimens in a mix design. 
Figure 2.3 and 2.4 show a compilation of the master curves for each mix design in 
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Figure 2.3: Dynamic Modulus Master Curves (MSE CURVE) for All Mixes in 
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Figure 2.4: Dynamic Modulus Master Curves (MSE CURVE) for All Mixes in 
Tension at 20°C (13) 
Aggregate gradation plays a significant role in the dynamic modulus as well: 
mixes with finer gradations generally have a lower stiffness than coarser mixes (4). The 
aggregate gradation in RMRC Project 9 was allowed to vary so that the ratio between the 
aggregate stockpiles would stay constant, thus not altering certain aggregate properties of 
the mix, such as aggregate angularity and specific gravity. This caused the 25% and 40% 
gradations to pass through or close to the restricted zone in the 0.45 power gradation 
curve. However, coarser mixes are generally stiffer, but this was not verified by the 
dynamic modulus testing. However, the 25% and 40% RAP specimens had higher VMA 
and VFA than the 0% and 15% RAP which would indicate that there may not be enough 
liquid binder in the mix or that not enough of the reclaimed binder is mixing. Also, the 
25% RAP specimens had the highest binder content, which could also contribute to their 
unexpected drop in dynamic modulus values. 
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As expected, the mean square error (MSE) of the dynamic modulus master curves 
for compression testing was lower for the low RAP contents, 0% and 15% RAP, and 
higher for the higher RAP contents, 25% and 40% RAP. In contrast, the MSE for the 
tension-based dynamic modulus testing decreased when the RAP content increased, 
however, the average magnitude of the MSE was lower in tension testing (16.70 MPa 
compared to 20.08 MPa). Table 2.1 shows the breakdown of MSE for each mix within 
the dynamic modulus testing modes. 























One of the possible reasons for the increase in VMA and VFA values is that the 
RAP is not completely mixing with the virgin material and therefore acting like a 
"blackrock." RMRC Project 9 hypothesized that the two hours used to heat the RAP 
prior to mixing may not be sufficient for the reclaimed aggregate and binder to get hot 
enough for adequate mixing. If the RAP is not fully heated then the reclaimed binder and 
virgin binder may not blend to the full extent (or the assumed blending capacity). These 
coarser RAP particles remain in the final compacted material and act like a "blackrock," 
not accepting or contributing the proper amount of binder to the mix. These particles do 
9 
not have the same strength as the aggregate they are replacing, and therefore decrease the 
overall strength of the mix. Also, with a coarser mix, the same compaction effort will 
result in a specimen with higher VMA (23). RMRC Project 9 also attempted to change 
the premix heating time of the RAP in hopes of increasing the mixability of the reclaimed 
material. Two methods of compaction were used to make specimens for this portion of 
the study. The "consistent compaction effort" used a set number of gyrations and 
allowed the density to vary with changes in the premix heating time. The "consistent air 
voids" method used as much energy as needed to compact specimens to a specific 
density. Specimens from both compaction methods contained RAP with heating times of 
2, 3.5, and 8 hours. A decrease in VMA and VFA was seen in the 3.5 hour specimens vs. 
the 2 hour specimens for both the "consistent compaction effort" and "consistent air 
voids" method of compaction, though the difference was more substantial in the 
"consistent air voids" method. When the RAP was aged for 8 hours and the "consistent 
compaction effort" method was used, the VMA and air voids increased significantly 
while the VFA decreased so much that it fell outside the Superpave specified range. 
When the "consistent air voids" method was used for the 8 hour aged RAP, the VMA and 
VFA were not significantly different from the results of the 3.5 hour heating, therefore 
the extra energy and effort needed to heat the RAP for 8 hours and then compact the 
suffer material was unnecessary. The extra energy and effort required for the 3.5 hour 
RAP specimens could be justified by the significant decrease in VMA and VFA. This 
indicates that there could be an optimum heating time and compaction effort for RAP and 
asphalt concrete (AC) to maximize the mixing that occurs between the two materials. 
More research is needed in the heating times of RAP. 
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A mix's aggregate angularity can change when RAP is added, which can also 
affect the stiffness of the end product. However, there was good correlation between 
compression- and tension-created master curves to conclude that the difference in 
aggregate angularity was not a large factor in the difference in dynamic modulus between 
RAP contents. This is contrary to the expected outcome since the 25% and 40% 
specimens have gradations that touch and/or enter the restricted zone in the 0.45 
gradation curve. This could be a contributing factor for the drop in stiffness at the higher 
RAP contents. 
In conclusion, RMRC Project 9 found that under normal heating conditions, the 
addition of RAP increased the mix's VMA and VFA. It also found that there was an 
optimal preheating time for the RAP that would allow for more complete mixing between 
the virgin and reclaimed materials. With the addition of 15% RAP to the mix, the 
dynamic modulus increased and the creep compliance decreased. Mixes with higher 
RAP contents of 25% and 40% did not follow suit as the dynamic modulus and creep 
compliance reverted to values similar to the 0% RAP mixes. The 25% and 40% RAP 
mixes also had higher asphalt contents, VMA, VFA, and finer gradations than the 0% 
mix, as well as contacting the restricted zone on the 0.45 gradation curve. These are all 
factors that tend to soften a mix. These factors appear to have cancelled out any of the 
stiffening effects of the RAP for the 25% and 40%) mixes. 
In an article by Bonquist, it was reported that poor mixing practices along with 
varying RAP properties, such as gradation and binder content, cause many agencies to be 
hesitant to use more than 10% or 20% RAP in mix designs (3). 
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One of the major issues facing contractors and agencies now is the uncertainty of 
the gradation within the RAP stockpile. Dr. J. Don Brock, president of Astec Industries, 
said that this kind of uncertainty is "...okay at 10% and 15% [RAP], because it's such a 
small amount that you can stay within specifications." Dr. Brock went on to say that 
"When you get up over 20%, you need to treat it [RAP] like any other aggregate. You 
need to crush it and size it..." (9). 
RMRC Project 9 has also shown that the amount of recycled binder that actually 
mixes with virgin material greatly affects the mix performance. It is believed that some 
blending does occur since the RAP doesn't act entirely as a "blackrock" nor does the 
RAP contribute all of the contained binder (13). A study done at Ohio State University 
found that binders become stiffer with the addition of reclaimed binder, but the rate of 
stiffness increase decreases as the percentage of RAP increases (1). This suggests that 
there is an optimal reclaimed binder content and that the binder properties don't combine 
with a simple mass balance equation. 
A study done by the University of Nevada, Reno, found that mixes with 15% 
RAP showed an increased resistance to rutting, while mixes at 30% RAP showed just the 
opposite, as well as a decrease in fatigue resistance. However, the 30% RAP mixture 
showed an increased resistance to thermal cracking. This suggests that there is an 
optimal percentage of RAP for specific mix behavior and resistant properties, and that 
this optimal range could be determined on a per-job basis, depending on a project's 
specific needs (8). 
A study by Pereira, et al. looked at adding varying amounts of binder within the 
comparison of reclaimed and virgin asphalt specimens using the Marshal mix design 
12 
method. The results of this study showed that all reclaimed specimens performed better 
than the control (0% recycled material) in permanent deformation testing, but all were 
worse than the control in fatigue resistance. The mixture with a binder content of 5.7% 
(out of 5.5%, 5.7%, and 5.9%) showed the best overall performance of those containing 
recycled material (21). 
A study by the University of Rhode Island (URI) found that AC containing 30% 
RAP was more resistant to deformation in dynamic mode as opposed to static mode, 
which corresponds to better resistance to fatigue and thermal cracking than rutting (14). 
A study by the Virginia Transportation Council showed that for six contractors, 
using seven mixing plants, producing almost 130,000 tons of mix with 21% to 30% RAP, 
there was no significant difference in fatigue, rutting or moisture susceptibility when 
compared to control sections placed without RAP. This study went on to say that there 
was also minimal (statistically insignificant) cost savings when the projects were put out 
to bid, but when "value engineering proposals" (not publicly advertised) were studied, 
they did show some cost savings when the RAP percentage was over 20% (16). 
A study by Li, et al. found that RAP affected the high temperature (low 
frequency) dynamic modulus, but did not significantly affect the dynamic modulus at low 
temperatures (high frequency). This study also found that mixtures with RAP had stiffer 
dynamic modulus values than mixtures without RAP, and that a stiffer binder would also 
increase the dynamic modulus regardless of whether or not the mixture had RAP (15). 
A study from Georgia on the effects of RAP in stone matrix mixes, found that 
both conditioned and unconditioned RAP increased the tensile strength for moisture 
susceptibility. The study continued to say that up to 20% RAP could be used with little 
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to no impact on the mix performance and that fine-graded RAP would reduce the need 
for virgin binder. 30% RAP was found to significantly decrease the fatigue life at high 
strain levels. The study also found that in low temperature (higher reduced-frequency) 
testing, 30% RAP had no significant effect on performance grade properties of the binder 
(28). 
Another study from the URI found that as the amount of RAP binder increased 
there was an increase in the resistance to permanent deformation as well as an increase in 
compressive strength and stiffness. The increasing RAP content also caused the elasticity 
to decrease. This study looked at 8 different percentages of RAP binders (not millings), 
ranging from 0% to 100%, that were mixed with virgin binder and virgin aggregate. The 
specimens with RAP binder also showed an increased resistance to fracture at room 
temperature but caused a "brittle fast fracture" effect at low temperatures (14). 
A study done at North Carolina State University (NCSU) looked at 42 different 
mixtures with varying aggregate sources, gradations, binder sources, asphalt grades, 
contents, and dynamic modulus testing setups (IDT vs. uniaxial compression). Changes 
in the binder properties were found to affect the dynamic modulus more than changes in 
the aggregate properties. 80% of the time, there was no significant difference between 
the IDT and Uniaxial Compression tests, although it was found that as the nominal 
maximum aggregate size increased, so did the variability between tested specimens (11). 
A study by Mohammad, et al. found that the nominal maximum aggregate's size 
was determined to cause significant changes in the dynamic modulus |E*|. At higher 
temperatures the dynamic modulus showed increased values when RAP was combined 
with large aggregates (18). 
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A study done at the Virginia Tech Transportation Institute, found that IDT 
strength testing is an effective way to test for compressive and tensile strength, as well as 
for thermal cracking evaluation. Good correlation between IDT strength and dynamic 
modulus results were also found, which this study recommends for characterizing thermal 
cracking and mix behavior, respectively (4). 
A study looking at the difference between two bulk specific gravity measurement 
methods, including American Association of State Highway and Transportation Officials 
(AASHTO) T 166 - Bulk Specific Gravity of Compacted Asphalt Mixtures Using 
Saturated Surface-Dry Specimens, and American Society for Testing and Materials 
(ASTM) D6752-02 - Standard Test Method for Bulk Specific Gravity and Density of 
Compacted Bituminous Mixtures Using Automatic Vacuum Sealing Method (CoreLok), 
found a strong correlation between the two density testing methods. This study also 
found that the laboratory compacted specimens (compacted with a Servopac® Gyratory 
Compactor - SGC) had higher IDT strength values than the field compacted specimens 
(20). 
A study by McDaniel et al. tested the dynamic modulus values for two sets of 
specimens including RAP. The groupings of specimens were separated by binder grade, 
PG 64-22 had 4 levels of RAP, including 0%, 15%, 25%, and 40%, while a softer PG 58-
28, had only 25% and 40% RAP. The study found no significant difference between 
dynamic modulus or mean strength values for the 15% and 25% RAP specimens, and the 
only area of significantly different dynamic modulus was between the 0% and 40% RAP 
contents with high temperature testing (17). 
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A study by Kim et al. tested a new mix design procedure for cold in-place 
recycling (CIR) using foamed asphalt, developed for the Iowa Department of 
Transportation. The study found that for high temperature dynamic modulus testing, it is 
the RAP-contributed binder that is most influential, while at low temperatures the fine 
aggregates play a much larger role in the dynamic modulus (10). 
In conclusion, the addition of RAP has shown to increase the stiffness of the mix. 
However, there is uncertainty in how much blending occurs between the RAP and virgin 
materials. There seems to be an optimal RAP percentage as well as an optimal heating 
time for the RAP. There is a lot of potential for RAP usage in surface and sub-surface 
courses; therefore, a better understanding of how the addition of RAP affects the behavior 
of the final product is needed. A general idea of RAP's effects on mix properties may be 
acceptable with low RAP percentage, but as the cost and availability of virgin material 
increases, the need for reliable high RAP percentage mixes will also increase. 
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CHAPTER 3 
MATERIALS AND METHOD 
3.1 Materials 
The aggregate gradation for this project was taken from a preexisting mix design 
provided by Pike Industries. The mix design was a 12.5 mm surface course using a 
binder grade of PG 64-28 (Pike Industries mix design number S36-05H). Pike Industries 
also provided the materials for this project, including aggregate, liquid binder, loose mix 
asphalt, and surface cores. 
3.1.1 Virgin Aggregate 
The virgin aggregate for this project was obtained from Hooksett Crushed Stone located 
in Hooksett, New Hampshire, a division of Pike Industries. Two different mineralogical 
aggregates were obtained from stock piles and then stored in plastic sealable 5-gallon 
buckets or 55-gallon barrels. 
The first type of aggregate was Fillmore natural washed sand, also referred to as 
washed natural sand. This aggregate was extracted from a mining pit, washed, stockpiled 
and then used with no additional processing. The typical gradation for the Fillmore 
natural sand is presented in Table 3.1 and Figure 3.1 shows the 0.45 power gradation 
curve. The bulk specific gravity for this aggregate was 2.643. 
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Table 3.1: Gradation for Fillmore Natural Washed Sand 
Sieve (mm) 
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Figure 3.1: Aggregate Size Distribution of Fillmore Natural Washed Sand 
The second type of aggregate was blast rock, which was extracted by mining or 
blasting stone deposits which were then processed to obtain the desired gradation. 













stockpiles. For this project, 12.5 mm, 9.5 mm, Washed Marine Sand (WMS), and dust 
stockpiles were used. The bulk specific gravities of the aforementioned stockpiles are 
2.667, 2.675, 2.602, and 2.537 respectively. The 12.5mm and 9.5mm stockpiles mainly 
contain their namesake's nominal maximum aggregate size, while the WMS and the dust 
stockpiles mainly contain aggregates from sieve sizes #16 to #50 and #100 to pan, 
respectively. The gradation of these stock piles are presented in Table 3.2 and Figure 3.2 
shows the 0.45 power gradation curve. 
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Figure 3.2: Aggregate Size Distribution of Blastrock Stockpiles 
The final virgin aggregate stockpile, baghouse fines, is a mixture of fine material 
from the Fillmore natural sand and Blastrock stock piles. This stockpile consists of the 
small particulate material that becomes airborne during the mixing process and is filtered 
out of the air at the "baghouse" station. This loss of fines is accounted for in the mix 
design. The bulk specific gravity of this aggregate was 2.537. The gradation of the 
baghouse fines is shown in Table 3.3, and Figure 3.3 shows the 0.45 power gradation 
curve. 
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Table 3.3: Gradation for Baghouse Fines 
Sieve (mm) 
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Figure 3.3: Aggregate Size Distribution of Baghouse Fines 
3.1.2 Virgin Binder 
The virgin binder used was a PG 64-28 from Pike Industries in Portsmouth, NH. The 
bulk specific gravity was assumed to be 1.035. 
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3.1.3 Reclaimed Asphalt Pavement (RAP) 
The RAP for this project was obtained by processing millings from Rt. 4, between Epsom 
and Northwood, NH. This single source of RAP was chosen so that the laboratory-
produced specimens of 15%, 25%, and 40% RAP could be directly compared with the 
old surface field cores (100% RAP). The unprocessed millings were delivered in five 5-
gallon buckets, three from the westbound lane and two from the eastbound lane. This 
RAP source included recycled asphalt concrete, sealers, patches, and/or other 
maintenance operations, as well as any surface treatments or painted linage. Organic 
materials were found in small amounts and were removed before further processing. 
The millings were processed in the lab to mimic the procedure used by Pike 
Industries to process millings when forming their RAP stockpiles. The lab processing 
included grinding then drying of the millings at 50°C for 5 hours in a convection oven 
(the material was loosely covered so as to allow some air flow but to reduce the loss of 
fine material). 
According to Pike Industries' processing scheme, all millings from a paving 
season are combined into a single stockpile. Material from this stockpile is ground, 
mixed, screened through a 7/16-inch screen to obtain a homogeneous stockpile. 
Aggregate gradation and binder content are determined from this sole stockpile. The 
millings for this project were crushed with a small motorized crusher. The width of the 
crushing size ranges from 7/16"-l/2" at the open swing to l/8"-l/4" at the crushing 
swing. All of the RAP millings material was processed using this crusher and specimens 
were taken at regular intervals. Since only one source was received and the quantity was 
limited, no mechanical screening was done. The specimens collected during the crushing 
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of the stockpile were combined and sent to the New Hampshire DOT for gradation and 
asphalt content analysis. Once fully processed, this stockpile was then used in the mix 
like an aggregate stockpile that also contributed asphalt binder. 
The asphalt content of the millings RAP used in this study was 6.04% and the 
gradation (after binder extraction) is presented in Table 3.4 and Figure 3.4 shows the 0.45 
power gradation curve. The binder extraction was done by the NHDOT. The processed 
RAP was heated for 2 hours at 170°C prior to mixing and was then combined with the 
virgin aggregate in the mixing bucket prior to adding the liquid binder (26). 
Table 3.4: Gradation for Millings RAP 
Sievejmm) 
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Figure 3.4: Aggregate Size Distribution of Millings RAP 
3.2 Method 
3.2.1 Design of Mixtures 
The asphalt concrete mixtures in this study were designed using the Superpave mix 
design procedure (26). An existing 12.5mm surface course, containing 15% RAP, was 
provided by Pike Industries (mix design #S36-05H) and was used as a starting point for 
the other mix designs in this research. Mix designs for the 0%, 25%, and 40% RAP were 
reverse engineered from the 15% RAP mix design. The gradation of each RAP mix was 
adjusted to be as close as possible to the gradation of the 15% RAP mix. This mix design 
uses a Servopac® Superpave Gyratory Compactor (SGC) to simulate field compaction. 
The SGC monitors the number of gyrations, specimen height, compaction effort (vertical 
stress), and compaction angle and records this information for later use in the mix design. 
The specific SGC setup used in this project was manufactured by Industrial Process 
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Controls, Ltd. (IPC). This setup comes with custom software that controls the equipment 
and saves the test parameters/compaction data to a text file. Figure 3.5 shows the 
Servopac® SGC and the computer setup used. The mixing temperature was 155-162°C 
and the compaction temperature was 143-148°C (as per mix design). 
25 
• 





 iff .••"'v-. 




7igure 3.5: Servopac Superpave Gyratory Compactor and Operating Computer 
The Superpave mix design procedure requires testing to verify the quality of the 
binder as well as the aggregate for consensus and source aggregate properties. Since 
Pike Industries and the NHDOT have had extensive experience with this mix design, 
materials, liquid binder, and aggregate properties, all were considered to satisfy the 
Superpave criteria. Therefore, the materials selection process moved directly to asphalt 
content selection (26). 
The asphalt binder content is based on the Va, VMA, VFA, and the DP. The 
Superpave volumetric mixture design requirements are shown in Table 3.5. Each of 
these criteria vary depending on the traffic loading, for which Superpave uses the 
Equivalent Single Axel Load (ESAL) 20 year design life standard to quantify traffic. The 
mixtures in this project were designed for a traffic level of 0.1 million ESALs. 
Table 3.5: Superpave Volumetric Mixture Design Requirements (26) 
Mixture Property 
Asphalt Binder Content 











Taken as 0.8 to 1.6 if the aggregate gradation 
passes below the restricted zone. 
The Superpave method of determining the optimum binder content requires an 
initial trial asphalt content be chosen, and a minimum of two specimens be mixed and 
compacted at that asphalt content. In addition, a minimum of two specimens must be 
mixed and compacted at 0.5% above and below the trial asphalt content, as well as 1.0% 
above the trial asphalt content. These compacted specimens are then used for bulk 
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specific gravity testing, under ASTM standard D6752. Multiple specimens are required 
for statistical purposes and additional specimens must be made if the ASTM level of 
specimen testing consistency is not met. 
Prior to compaction, the mixed specimens are short-term aged for two hours at the 
compaction temperature ( + 3°C) to mimic the aging that occurs during the mixing, 
transportation, and compaction process in the field. The short term aged asphalt mix is 
then put into molds that have been preheated to 10°C above the compaction temperature 
and compacted using the SGC (to a set height or certain number of gyrations). The two 
specimens earmarked for theoretical maximum specific gravity (Gmm) testing are 
continually stirred/agitated as they cool, so as to produce a loose mixture that is used to 
measure the Gmm. The bulk specific gravity (Gmb) of the compacted specimens and the 
Gmm of the loose mixture are measured, and the air voids contained in each compacted 
specimen are calculated (details in Section 3.3.9). Percent air voids vs. asphalt content 
are then plotted and a straight line is fit to the data; from which the asphalt content that 
will yield 4% air voids is determined. 
Verification specimens are prepared through the same procedure previously 
mentioned. Two specimens for Gmb testing were compacted, and two specimens were 
kept loose for Gmm testing. 
3.2.2 Control Mix (0% RAP) Design 
The control mix (0% RAP) contained no reclaimed asphalt concrete and was, therefore, 
made up of only virgin materials. This mix design is to be used as the standard, or 
control mix, to which the performance of the other mix designs will be compared. The 
aggregate gradation was determined by removing the RAP stockpile from the 15% RAP 
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mix design and then increasing or decreasing the remaining stockpile percentages to 
match the 15% RAP mix gradation curve. The solver function in Microsoft® (MS) Excel 
was used to find the stockpile percentages that would produce a gradation curve that most 
closely matches the 15% RAP curve. This is done so that each specimen will have 
essentially the same gradation and, theoretically, only the RAP content will change. The 
resulting gradation is shown in Table 3.6, while Figure 3.6 shows the 0.45 power 
gradation curve. 
Table 3.6: Gradation for Control Mix (0% RAP) 
Sieve (mm) 
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Figure 3.6: Aggregate Size Distribution of Control Mix (0% RAP) 
An initial asphalt content of 5.8% was chosen and two 4500 g specimens were 
mixed and compacted. Two more specimens at 5.3%, 6.3%, and 6.8% asphalt were also 
mixed and compacted. This compaction data, including a semi-log plot of their 
densification curves, is shown in Appendix I. Two specimens of 2000 g were mixed and 
kept loose for Gmm testing, while the Gmb of the eight compacted specimens was 
measured and used in conjunction with the Gmm to determine the specimen's volumetric 
properties. 
The air voids, VMA, and VFA are plotted against the asphalt content, and are 
shown in Appendix H. Interpolating from the Va vs. asphalt content graph, the percent 
asphalt that will yield 4.0% (+0.5%) air voids is determined to be 5.9%) (rounded to the 
nearest 0.1%). This asphalt content is then used to check that the values from the VMA 
and VFA graphs are within specifications. 
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Two 4500 g specimens, at 5.9% asphalt, are mixed and compacted for Gmb 
testing, while another two 2000 g specimens, at the same asphalt content, are mixed and 
prepared for Gmm testing. These specimens are used to verify the accuracy of the mix 
design, via volumetric verification. A summary of the control (0% RAP) mix design 
results is shown in Table 3.7. 
Table 3.7: Summary of Control Mix (0% RAP) Design Results 
Mixture Property 
Asphalt Binder Content 
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0.6-1.2 
<91.5 
For specimen production the letter "W" was chosen to represent those specimens made 
with 0% RAP. The specimens used for dynamic modulus and strength testing were 
labeled "WTSA" and "WTSB." 
3.2.3 15% RAP Mix Design 
A mix design was provided by Pike Industries in the form of a dry gradation sheet for a 
15% RAP surface course. The RAP source used in Pike Industries' mix design did not 
have the same gradation or asphalt content as the RAP used for this project, so the 
gradation for this project had to be altered slightly. The final gradation used in this 
project is shown in Table 3.8, while Figure 3.7 shows the 0.45 power grading chart. The 
mix design from Pike Industries provided gradations in percent passing to the nearest 
whole percent through the #50 sieve, and to the nearest tenth of a percent for #100 and 
#200 sieves. The total gradation was then given to the nearest tenth of a percent for all 
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sieves except the #200, which was given to the hundredth of a percent. This made it 
easier to replicate Pike Industries' mix design more accurately. However the mix designs 
for this project will only provide gradations to the nearest tenth of a percent. 
Table 3.8: Gradation for 15% RAP 
Sieve (mm) 
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Figure 3.7: Aggregate Size Distribution of 15% RAP Mix 
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To determine the optimal binder content, an initial asphalt content of 5.8% was 
chosen and two 4500 g specimens were mixed and compacted. Two more specimens at 
5.3%, 6.3%, and 6.8% asphalt were also mixed and compacted. The compaction data, 
including a log plot of their densification curves, is shown in Appendix I. Two 
specimens of 2000 g were mixed and kept loose for Gmm testing, while the Gmb of the 
eight compacted specimens was measured and used in conjunction with the Gmm to 
determine the specimen's volumetric properties. 
The Va, VMA, and VFA are plotted against asphalt content, and are shown in 
Appendix H. Interpolating from the Va vs. asphalt content graph, the percent asphalt that 
will yield 4.0% (+0.5%) air voids is determined to be 5.7% (rounded to the nearest 0.1%). 
This asphalt content is then used to check that the values from the VMA and VFA graphs 
are within specifications. 
Two 4500 g specimens, at 5.7% asphalt, are mixed and compacted for Gmb 
testing, while another two 2000 g specimens, at the same asphalt content, are mixed and 
prepared for Gmm testing. These specimens are used to verify the accuracy of the mix 
design, via volumetric verification. A summary of the 15% RAP mix design results is 
shown in Table 3.9. 
Table 3.9: Summary of 15% RAP Mix Design Results 
Mixture Property 
Asphalt Binder Content 



















For specimen production the letter "X" was chosen to represent those specimens made 
with 15% RAP. The specimens used for dynamic modulus and strength testing were 
labeled "XTSC" and "XTSD." 
3.2.4 25% RAP Mix Design 
The mix design containing 25% RAP was done by increasing the RAP percentage in the 
15% RAP mix design and lowering the percentages of the other stockpiles. The solver 
function in MS Excel was used to find the stockpile percentages that would produce a 
gradation curve that most closely matches the 15% RAP curve. The resulting gradation 
is shown in Table 3.10, while Figure 3.8 shows the 0.45 power gradation curve. 
Table 3.10: Gradation for 25% RAP 
Sieve (mm) 
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Figure 3.8: Aggregate Size Distribution of 25% RAP Mix 
To determine the optimal binder content, an initial asphalt content of 5.8% was 
chosen and two 4500 g specimens were mixed and compacted. Two more specimens at 
5.3%, 6.3%, and 6.8% asphalt were also mixed and compacted. The compaction data, 
including a log plot of their densification curves, is shown in Appendix I. Two 
specimens of 2000 g were mixed and kept loose for Gmm testing, while the Gmb of the 
eight compacted specimens was measured and used in conjunction with the Gmm to 
determine the specimen's volumetric properties. 
The V a , VMA, and VFA are plotted against asphalt content, and are shown in 
Appendix H. Interpolating from the Va vs. asphalt content graph, the percent asphalt that 
will yield 4.0% ( +0.5%) air voids is determined to be 5.9% (rounded to the nearest 
0.1%). This asphalt content is then used to check that the values from the VMA and 
VFA graphs are within specifications. 
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Two 4500 g specimens, at 5.9% asphalt, are mixed and compacted for Gmb 
testing, while another two 2000 g specimens, at the same asphalt content, are mixed and 
prepared for Gmm testing. These specimens are used to verify the accuracy of the mix 
design, via volumetric verification. A summary of the 25% RAP mix design results is 
shown in Table 3.11. 
Table 3.11: Summary of 25% RAP Mix ] 
Mixture Property 
Asphalt Binder Content 



















For specimen production the letter "Y" was chosen to represent those specimens made 
with 25% RAP. The specimens used for dynamic modulus and strength testing were 
labeled "YTSC," "YTSD," and "YTSMX." 
3.2.5 40% RAP Mix Design 
The mix design containing 40% RAP was done by increasing the RAP percentage in the 
15% RAP mix design and lowering the percentages of the other stockpiles. The solver 
function in MS Excel was used to find the stockpiles percentages that would produce a 
gradation curve that most closely matches the 15% RAP curve. The resulting gradation 
is shown in Table 3.12, while Figure 3.9 shows the 0.45 power gradation curve. 
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Table 3.12: Gradation for 40% RAP 
100 
Sieve (mm) 
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Figure 3.9: Aggregate Size Distribution of 40% RAP Mix 
To determine the optimal binder content, an initial asphalt content of 5.8% was 
chosen and two 4500 g specimens were mixed and compacted. Two more specimens at 
5.3%, 6.3%o, and 6.8% asphalt were also mixed and compacted. The compaction data, 
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including a log plot of their densification curves, is shown in Appendix I. Two 
specimens of 2000 g were mixed and kept loose for Gmm testing, while the Gmb of the 
eight compacted specimens was then measured and used in conjunction with the Gmm to 
determine the specimen's volumetric properties. 
The Va , VMA, and VFA are plotted against asphalt content, and are shown in 
Appendix H. Interpolating from the Va vs. asphalt content graph, the percent asphalt that 
will yield 4.0% ( ±0.5%) air voids is determined to be 5.7% (rounded to the nearest 
0.1%). This asphalt content is then used to check that the values from the VMA and 
VFA graphs are within specifications. 
Two 4500 g specimens, at 5.7% asphalt, are mixed and compacted for Gmb 
testing, while another two 2000 g specimens, at the same asphalt content, are mixed and 
prepared for Gmm testing. These specimens are used to verify the accuracy of the mix 
design, via volumetric verification. A summary of the 40% RAP mix design results is 
shown in Table 3.13. 
Table 3.13: Summary of 40% RAP Mix Design Results 
Mixture Property 
Asphalt Binder Content 
















7 0 - 8 0 
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<91.5 
For specimen production the letter "Z" was chosen to represent those specimens made 
with 40% RAP. The specimens used for dynamic modulus and strength testing were 
labeled "ZTSA," "ZTSB," and "ZTSF." 
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3.2.6 Mix Design Summary 
Each gradation was modeled after the 15% RAP gradation that Pike Industries provided. 
The four gradation curves are shown in the 0.45 power grading chart in Figure 3.10. It 
can be seen that the gradation curves are almost identical, and that the most variation 
takes place in the finer gradations. Table 3.14 shows a summary of the mix design, 
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3.2.7 Field Cores 
Field cores were taken from multiple locations on Rt. 4 between Epsom and Northwood, 
NH. Location of cores are spread about 1 mile apart and are shown in Figure 3.11 
(©Google - Map data ©2007 NAVTEQ™). These field cores are from the same 
pavement that was later milled and used as the RAP millings in this project. In August 
2005, the top 1.5+ inches of the cores were cut off and stored in "zip-lock" plastic bags 
for later testing and analysis as a theoretical 100% RAP specimen. The original mix 
designs were not available. 
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Twelve field cores were taken along a stretch of newly laid pavement for use as plant-
mix field-compacted specimens in dynamic modulus and strength testing. The new field 
cores (plant-mix field-compacted specimens) and the loose plant-mix material (plant-mix 
lab-compacted) were similar 12.5 mm mix designs provided by Pike Industries. The 
binder used was a PG 64-28. The theoretical maximum specific gravity of the new field 
cores was 2.485. These cores were taken from New Hampshire Route 9/202 from 
Hillsborough to Henniker. The specific locations of the field cores along the road were 
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unknown. Some of these cores were damaged during transportation and could not be 
tested. 
The original field cores (100% RAP) used the abbreviation "FC" (field core) for 
specimen labeling. The specimens tested include: FC1, FC2, FC3 , FC4, FC5, FC6, and 
FC7. The new field cores used the abbreviation "NFC" (new field core) for specimen 
labeling. The specimens tested include: NFC7, NFC8, NFC9, NFC 10, and NFC 12. 
3.2.8 Loose Plant Mix 
About 200 pounds of loose mix (un-compacted AC) was delivered to the lab by Pike 
Industries. This loose asphalt concrete was mixed at their mixing plant in Portsmouth, 
NH, and set aside to cool before delivery. The loose mix had a nominal maximum 
aggregate size of 12.5mm, a Gmm of 2.471, and a PG binder grade of 64-28. To obtain 
the exact amount of asphalt concrete for compaction, the entire stock had to be separated 
evenly. The material was heated to 130°C for about 40 minutes and systematically 
quartered down to 2500 g specimens using a hot aggregate splitter. After splitting the 
material, it was left to cool in separate containers until subsequent compaction. For 
compaction the individual containers were heated to 150 + 2°C. The temperature inside 
the material was constantly measured with a thermometer. 
3.3 Laboratory Set Up and Equipment 
3.3.1 Wet Saw and Cutting Jig 
A wet saw and cutting jig was used to trim specimens for dynamic modulus and strength 
testing. The wet saw was manufactured by MK Diamond Products, Inc. (MK-5005T 
BLK SAW) and was fitted with a 20" asphalt-specific cutting blade. The jig was used to 
secure the compacted specimens on their rounded edge, so that they could be cut safely 
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and accurately. The jig was fabricated out of a 3" steel angle that was welded, open-end 
up, to a 6" by 9" steel base plate, with a 1" by 9" steel plate welded onto one side. Two 
holes were drilled through the angle, parallel with the plane of the base plate, for metal 
strappings that were used to secure the asphalt concrete specimens during cutting. 
Figure 3.12 shows the wet saw and the cutting jig. 
When specimens were compacted with the SGC, a region of increased air voids 
occurred near the surfaces due to aggregate contact with the SGC mold and compression 
ram. Therefore, the flat ends of the specimens were trimmed to minimize the air void 
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variation throughout the width of the specimen. Since the linearly variable differential 
transformers (LVDTs) were fixed 50 mm apart at center of the specimen (with a 150 mm 
total diameter), the air void variation near the outer edge could be ignored. Figure 3.13 
shows an SGC-compacted specimen marked for cutting; note the center line and then two 
other lines offset by 17.5 mm. 
3.3.2 Instron Load Frame 
The dynamic modulus and strength testing for this project was done with a closed-loop 
servo-hydraulic system, manufactured by Instron®. The testing apparatus included: 
• loading frame (model 8800) 
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• 20,000 pound hydraulic actuator (model 1ST 3690 Series 100KN Pedestal 
Mounted Actuator) 
• 5,000 pound load cell followed in series by a 20,000 pound load cell 
• extension rams (transfer the loads from the actuator through the specimen to the 
load cell) 
• control tower (model 8500) 
• control panel (model 8500 plus) 
• environmental chamber (model 3119-407) 
• Indirect Tensile (IDT) frame (from Interlaken Technology Corporation (ITC)) 
• personal computers running Instron's Fast Track 2 software (actuator control), 
Lab VIEW 7.1 and Matlab 7 (data analysis) 
3.3.3 Indirect Tensile (IDT) Load Fixture 
The ITC IDT load fixture was used to load specimens for indirect tension testing. This 
guiding mechanism greatly reduced any lateral and/or rotational loading on the 
specimens caused by misalignments. The load fixture had four vertical metal bars that 
act in conjunction with the movable ceiling (moving only in the vertical direction) to 
limit the horizontal and rotational movement. The floor and the ceiling each had a 4-inch 
loading strip with a 150 mm radius arc running through the length of the strip. This arced 
shape loading strip was used to transfer the load evenly to the specimen, where a straight 
edge would have created isolated areas of higher stress concentration. Figure 3.14 shows 
the IDT fixture in the environmental chamber prior to testing. 
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Figure 3.14: IDT Load Fixture Inside Environmental Chamber 
3.3.4 Equipment Setup 
The Instron load frame was large enough to house the environmental chamber, but 
extension rams were needed for testing within the environmental chamber. The 20 kip 
load cell required a threading change bracket in order to fit the extension ram used for the 
load cells, while the 5 kip load cell already had the proper threads. This upper extension 
ram measured 22" in length and 2.5" in diameter. The lower ram measured 10" in length 
and 2.5" in diameter. Both extension rams and the threading change bracket were made 
of stainless steel and were fabricated specially for UNH by Chadwick and Trefethan, 
Tool and Dye Company. Figure 3.15 shows the upper extension ram connected to the 5 
kip load cell, connected to the 20 kip load cell, which finally connected to the load frame. 
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This configuration allows the 20 kip load cell to remain in place and for the operators to 
remove the 5 kip load cell when a larger load capacity was needed. 









Figure 3.15: Upper Ram Extension Connected to the Load Cells 
An Envirotherm environmental chamber (model number 3119-407) was used to control 
the temperature of the testing specimens. This chamber had the capacity to heat or cool 
specimens via heating coil or influx of liquid nitrogen, both of which were distributed by 
a convection fan. The chamber could control the temperature to within + 0.1 °C, and the 
range of-10°C to 30°C was used for these tests. Figure 3.16 shows the environmental 
chamber with liquid nitrogen hose. 
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Environmental Chamber 8 
Testing of specimens was done inside the environmental chamber with the specimen 
aligned in the IDT load frame. The instrumented specimen was placed inside the climate 
chamber, and onto the lower loading strip of the IDT loading jig. Horizontal and vertical 
deformations were measured by LVDTs, while applied load was measured by a load cell. 
The IDT loading frame was used to ensure that an even, non-eccentric load was applied 
to the specimen during testing 
A seating load was applied to ensure the specimen remains stationary during the 
testing run and that there was full contact between the loading strips and the specimen. 
The seating load ranges from 3 to 21 pounds, depending on the testing temperature and 
specimen. 
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A thermo shield was placed between the exhaust area and the specimen to reduce 
uneven heating or cooling, as well as to reduce the signal noise incurred by the LVDTs. 
The thermo shield was made of steel plate and was attached to the IDT load frame. 
Figure 3.17 shows an instrumented specimen on the IDT jig in the environmental 
chamber with the thermal shield and dummy specimen. The dummy specimen was 
embedded with thermal couples to give a better estimate of the internal temperature of the 
instrumented testing specimen. 
Figure 3.17: IDT Testing Set-up 
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3.3.5 Gluing Template for Instrumentation Location 
The gluing template was used to mark the location for the LVDT L-brackets. This gluing 
template consisted of a circular metal plate with two flanges and four sets of three square 
holes. The holes used in this project were set 25 mm from the center of the plate, and 
radiated linearly in the four cardinal directions. Two flanges protruded perpendicularly 
from the plain of the plate, and were located at the east and west edges, while two 
notches were located at the north and south edges of the plate. The flanges and notches 
were used to mark the side of the specimen and then accurately align the gluing template 
on the specimen's opposite face. This ensured that both faces were marked as identically 
as possible. Figure 3.18 shows the gluing template on a specimen. After the specimens 
were marked, a straight line was drawn to ensure that face was broken into four equal 
quadrants and that both faces were as identical as possible. 
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Figure 3.18: Metal Gluing Guide on a Specimen 
3„3o6 Spednrneim Fatoirkattidwm aumd Freparattnroim 
The virgin aggregate was oven-dried for at least 12 hours above 150°C5 and allowed to 
cool prior to sieving. After the stockpiles were sieved, the resulting aggregate was stored 
in air-tight, lid-locking, 5-gallon buckets. The baghouse fines stockpile was oven dried 
but not sieved, and this stockpile was added "as is" during the batching sequence. 
The individual grades of aggregate were then combined in specific amounts 
(according to the mix design) to create the virgin aggregate portion of the sample. This is 
referred to as batching. Batching ensures that each mixed specimen contains the correct 
amount of virgin aggregate, as prescribed by the mix design. All aggregate was batched 
into steel or aluminum pans or cans, and covered with heavy-duty aluminum foil prior to 
and during heating. The aluminum foil prevented fines from being lost while heating in 
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the convection oven. For this project, the RAP and the baghouse fines were not sieved 
and were added to the mix as stockpiles. Baghouse fines were combined with the rest of 
the virgin aggregate while the RAP was measured separately since it was heated for a 
different length of time. 
The batched virgin aggregate was heated at 15°C above the mixing temperature 
for at least six hours before mixing. The RAP material was heated for the final 2 hours 
prior to mixing at 15°C above the mixing temperature. This removed any excess 
moisture, heated the aggregate, and softened the binder. 
The virgin aggregate, RAP, and virgin binder (at mixing temperature) were 
combined in a hot mixing bucket and mixed until all aggregate was coated with the 
binder. Normally, the mixing time was about 2 minutes. Simultaneously, the bucket was 
heated with a propane torch to minimize the amount of material that would have 
otherwise stuck to the bucket wall. This process has been described in detail in Appendix 
B. This loose asphalt mixture was then short-term oven-aged and compacted in the SGC 
to a predetermined height or number of gyrations. 
Specimens were cut, as discussed in Section 3.3.1, to achieve consistent air void 
distribution throughout the sample. Cut samples are then checked for air voids and those 
at 4.0 + 0.5% were set aside in "zip-lock" plastic bags for subsequent testing. The "zip-
lock" bags lessen the amount of oxidation that occurs while the samples were stored prior 
to testing. Samples with air voids outside the accepted range were either re-cut and air 
voids retested or discarded. 
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3.3.7 Specimen Identification 
Each laboratory produced hot mix asphalt (HMA) specimen carried a four or five 
character identification tag. The first character was a letter, either W, X, Y, or Z, 
corresponding to the amount of RAP in that specimen, 0%, 15%, 25%, or 40% 
respectively. The next pair, or trio, of numbers represents the percentage of asphalt 
contained in that specimen, i.e. "52" represents 5.2% asphalt, and "594" represents 5.94% 
asphalt. Also, each different RAP and binder content specimen is identified by a final 
letter, i.e. "A" is the Is specimen, "B" is the 2nd, and so on. When the correct asphalt 
content was found, as described in section 3.2.1, additional specimens were made for 
dynamic modulus and strength testing and were identified with the letters "TS" for 
"Testing Specimen", in place of their binder content numbers. 
Compacted specimens made from plant-mixed material were given the initials 
"PMTS" (for Plant-Mix Test Specimen) since neither the RAP nor asphalt content was 
changeable; all of the specimens made were possible testing specimens. 
The field cores were labeled as "FC" or "NFC", representing "Field Core" or 
"New Field Core", and were given a number count instead of a letter count, as used 
above. The cores from Rt. 4 (old cores, 100% RAP) were designated "FC", and cores 
that were attained from the newly paved Rt. 9/202 (new cores, 15% Pike Industries RAP 
stockpile) were designated "NFC". 
The three letters that follow the specimen identification characters stand for 
"Started Steady State" (SSS) or "Retested Steady State" (RSS). The strain response of 
the specimens was recorded by using the applied cyclic stress to compute the dynamic 
modulus of the steady state response of the specimen. If this was obtained in first trial 
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then the specimen was identified as "SSS" indicating the initial specimen testing 
produced a steady state response. Often obtaining steady state was difficult due to various 
reasons; therefore some specimens required additional testing and were designated "RSS" 
indicating the specimens need to be retested. Abbreviations and details of IDT specimen 
identifications are give in table 3.15. 





























Old Field Core (100% RAP) Steady State Testing 
Old Field Core (100% RAP) Steady State Testing 
Old Field Core (100% RAP) Steady State Testing 
Old Field Core (100% RAP) Steady State Testing 
Old Field Core (100% RAP) Retested Steady State 
Old Field Core (100% RAP) Retested Steady State 
Old Field Core (100% RAP) Retested Steady State 
New Field Core - Plant-Mix Field-Compact Steady State Testing 
New Field Core - Plant-Mix Field-Compact Steady State Testing 
New Field Core - Plant-Mix Field-Compact Steady State Testing 
New Field Core - Plant-Mix Field-Compact Steady State Testing 
New Field Core - Plant-Mix Field-Compact Steady State Testing 
Plant-Mix Lab-Compact Steady State Testing 
Plant-Mix Lab-Compact Steady State Testing 
Plant-Mix Lab-Compact Steady State Testing 
Plant-Mix Lab-Compact Steady State Testing 
Control Specimen (0% RAP) Steady State Testing 
Control Specimen (0% RAP) Retested Steady State 
15% RAP Steady State Testing 
15% RAP Steady State Testing 
25% RAP Steady State Testing 
25% RAP Steady State Testing 
25% RAP Steady State Testing 
40% RAP Steady State Testing 
40% RAP Steady State Testing 
40% RAP Steady State Testing 
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3.3.8 Volumetrics 
The volumetric properties measured in this study included: bulk specific gravity (Gmt>) 
(ASTM D6752), maximum theoretical specific gravity (Gmm) (ASTM D6857), and 
percent air voids (Va) (ASTM D3203) as seen in Equation 3.1. 
Va = 100 1 _
 mb 
<7 Equation 3.1 
where, Va = air voids in compacted specimen (% of total volume) 
Gmb = bulk specific gravity of compacted specimen 
Gmm = theoretical maximum specific gravity of mix 
The voids in mineral aggregate (VMA) and voids filled by asphalt (VFA) were 
also calculated for each RAP percentage, via Equations 3.2 and 3.3, respectively. 
VMA = 100 G *P 
'sb 
Equation 3.2 
where, VMA = voids in mineral aggregate (% of bulk volume) 
GSb = bulk specific gravity of total aggregate 
Gmb = bulk specific gravity of compacted mixture 
Ps = aggregate content (% by total mass of mix) 
VFA = 100* VMA-Va 
VMA Equation 3.3 
where, VFA = voids filled by asphalt 
VMA = voids in mineral aggregate (% of bulk volume) 
Va = air voids in compacted specimen (% of total volume) 
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The Corelok vacuum system shown in Figure 3.19 (with sealed specimen), was 
used to prepare specimens for submerged weight measurements used in volumetric 
calculations. The air voids were measured in accordance to AASHTO TP 69-04 
specifications. 
3.3.9 Instrumentation of Specimens 
Dynamic modulus testing, in the indirect tension mode, required measuring the strain 
response both parallel and perpendicular to the direction of loading. This was achieved 
by two pairs of LVDTs mounted on the specimen's surface, that were monitored by the 
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Instron data collection system, which also monitored the position of the actuator and the 
stress on the load cell. The cut specimens were then marked as seen in Figure 3.18. 
Aluminum L-brackets and cylindrical brass lifters were custom-made for the dynamic 
modulus testing in this laboratory by Chadwick and Treffethan, Tool & Dye Company. 
These brass lifters were attached to the L-brackets and an aluminum rod was used to keep 
each pair of L-bracket / brass lifters a fixed distance of 50 mm apart. Two pair of L-
bracket / brass lifters were glued to each cut face of the specimen corresponding to the 
markings made earlier with the template. Figure 3.20 shows a pair of L-bracket / brass 
lifters connected to an aluminum rod ready to be glued to a specimen. 
Figure 3.20: L-Bracket / Brass Lifters Connected to an Aluminum Rod at 50 mm 
Each L-bracket was screwed to one of two sized cylindrical brass lifters. These 
lifters allowed the L-brackets to be glued to a specific spot on the specimen's face, and 
also provided more clearance for the LVDT rods during testing. Figure 3.21 and 3.22 
show a specimen fitted with L-brackets, while Figure 3.23 shows a specimen fitted with 
L-brackets and LVDT sensors in the IDT load frame. Figure 3.24 shows a close-up of a 
specimen fitted with L-brackets and LVDT sensors in the IDT load frame. 
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ll&JiLi 
Figure 3.21: L-Brackets Positioned at 90° with Gluing Rod 
Figure 3.22: The Gluing of Parallel L-Braekets on Both Faces of the Specimen 
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BE 
Figure 3.23: Specimen, L-Brackets and LVDT Sensors Ready for Testing 
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Figure 
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3.24: Close-Up of L-Brackets and LVDT Sensors 
CHAPTER 4 
EXPERIMENTAL STUDIES 
The dynamic modulus, |E*|, is a measure of a material's stiffness under cyclic loading, 
while strength testing measures the maximum stress, or load, the material can carry. The 
dynamic modulus and strength of a mix are important empirical tests when predicting 
that particular mix's behavior in the field. 
4.1 Dynamic Modulus Testing 
AC demonstrates a combination of viscous and elastic behaviors when subjected 
to mechanical loading; this is known as a viscoelastic response. This response depends 
on the magnitude, duration, and frequency of the applied load as well as the material's 
temperature. For this project, the time-temperature superposition principle was used to 
model the viscoelastic behavior of asphalt concrete (25). The temperatures and 
frequencies used for this project ranged from -10° to +30°C (at 10° increments) and 0.1 to 
20 Hz (not in even steps), respectively. Increasing the temperature of the specimen 
during testing corresponded to a theoretical decrease in testing frequency; likewise, 
lowering the temperature corresponds to a theoretical increase in testing frequency. 
When increasing the temperature, the binder becomes less viscous (i.e. more liquid) and 
the mixture is more susceptible to damage from creep; for this reason, the specimens 
were first cooled for testing and then systematically warmed to the higher temperatures as 
testing progressed. It was also necessary to maintain each cyclic load long enough for the 
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material to reach a state of steady mechanical response so as not to mistaken the 
specimen's dynamic modulus response. 
A study done at NCSU showed that dynamic modulus values obtained under 
uniaxial compression and indirect tension testing are statistically comparable. This study 
also showed that by using the time-temperature superposition principle, a tighter range of 
frequencies and a wider range of temperatures yielded comparable master curves. Much 
of the testing in this project was similar to work previously done at NCSU (11) and the 
UNH(13). 
The dynamic modulus value under the Indirect Tensile mode, is calculated at each 
temperature and frequency by Equation 4.1, shown below (11). 
2P
*_x_Ptf2-PlYL 
nad y2V0 - /32UQ 
Equation 4.1 
where, E* = dynamic modulus 
Po = applied load 
a = loading strip width 
d = thickness of specimen 
Uo = horizontal displacement amplitude 
Vo = vertical displacement amplitude 
Pi, P2, Yi, 72 = geometric constants (-0.0134, -0.0042, 0.0037, 0.0116 
respectively) 
Frequency and temperature sweeps were done to obtain dynamic modulus values 
that were then used to construct a dynamic modulus master curve for each specimen 
tested (explained in section 4.1.6). Frequencies of 0.1 Hz, 0.2Hz, 0.5 Hz, 1.0 Hz, 2.0 Hz, 
5.0 Hz, 10.0 Hz, and 20.0 Hz and temperatures of-10°C, 0°C, 10°C, 20°C, and 30°C, 
make up the respective sweeps. These ranges were chosen because they are easily 
obtained within a reasonable timeframe with current testing equipment. 
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The temperature at the specimen core was a critical part of the testing and 
calculation process. If the specimen was erroneously assumed to be at a particular 
temperature, the resulting dynamic modulus master curves would not accurately describe 
the mix. Therefore, the dummy specimen with embedded thermal couples, mentioned in 
section 3.3.4, was subjected to the same temperature changes as the specimen being 
tested, and would therefore measure a similar temperature as the center as the specimen 
being tested. 
4.1.1 Load Level Determination 
The load levels for the dynamic modulus testing were chosen based on how much 
deformation / strain was seen in the previously applied load cycle; the loads were then 
increased until the deformation / strain was within the optimal range of 60 to 90 micro 
strains (ms). This range kept the specimen within the material's linear elastic range and 
therefore prevented permanent damage. Strains below 60 ms were drowned out by the 
electronic noise of the equipment and strains above 90 ms inflicted large amounts of 
plastic deformation on the edges of the specimens, which could affect subsequent testing 
(i.e. different loading area, eccentric loading). Loads for a certain temperature and 
frequency were similar from mix to mix, but a conservative approach was necessary to 
ensure negligible damage to the specimen being tested. The loads used in each 
specimen's temperature and frequency sweeps are shown in Tables CI through C23 in 
Appendix C. 
4.1.2 Data Collection 
A Lab View program was used to record the signals from the LVDTs, load cell, and 
actuator. This program allowed for real-time visual confirmation of the applied loads, as 
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well as the displacement of each LVDT. The program used Lab View's internal 
mathematical power to convert the electric signals from millivolts to the corresponding 
stress and strain values seen by the specimen, as well as plotting this data in real time. 
The Lab View program worked by compiling small amounts of data in the computer's 
temporary cache memory, and then writing this block of stored data onto the hard-drive 
when a predetermined size limit was reached. Each block of data contained eight 
sinusoidal cycles and each cycle contained 130 data points taken at equal time intervals. 
The output file was a simple text file that could later be opened and further processed in 
MS Excel or MatLab. 
4.1.3 Load Control 
The load applied by the actuator was controlled by the WaveMaker® program, which was 
running on a computer separate from the Instron® control panel and data collection 
systems. This program controls the sinusoidal loads, crosshead displacement, and the 
seating load used to ensure proper initial contact between the specimen and testing 
apparatus. 
4.1.4 Data Analysis 
A MatLab program was used for the initial data analysis and conversion. This Matlab 
program reads the space separated value (ssv) files generated by the Labview program 
(raw data vs. time), calculates dynamic modulus, and writes the regression coefficients to 
a text file. The program.required the user to select the timeframe from the steady state 
response curve, for the dynamic modulus analysis. It was important for this timeframe to 
be a section of the response curve that had reached the steady state response, otherwise 
the dynamic modulus will misrepresent the mix, as mentioned earlier. The program fits a 
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general sinusoidal curve to the stress and strain data using Equation 4.2 and 4.3 for stress 
and strain, respectively. 
<Jpre =a + p*t + 9* s i n O * t + (/)) Equation 4.2 
where, apre = predicted stress 
a,P,9,(o,<f> = regression coefficients 
8
 pre =CC + J3*t + 3 * sm(G) *t + (f>) Equation 4.3 
where, 8pre = predicted strian 
a,f3,9,a>,</> = regression coefficients 
The program required the user to visually inspect the fit of the proposed 
sinusoidal curve with the original data. The dynamic modulus was then computed using 
Equation 4.1; and an MS Excel file with the calculated dynamic modulus along with the 
regression coefficients,a,/3,3,o),0, was created. In some cases, the dynamic modulus 
could not be computed by the program. This response was usually caused by one or 
more of the strain response slopes being inverted (in other words, the horizontal strain 
was decreasing (negative) when it should be increasing (positive) or vise versa). Such 
files were reanalyzed with the program, choosing a different timeframe. If the faulty 
responses continued, the parameters were manually inspected, the results from the 
malfunctioning LVDTs could be removed, in which case the dynamic modulus was 
calculated manually. 
After all the dynamic modulus values were computed for a specimen, they were 
combined into an MS Excel file and used for the construction of that specimen's master 
curve. 
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4.1.5 Master Curve Construction 
In the beginning, dynamic modulus values were plotted against their original frequencies, 
as shown in Figure 4.1. These are the original dynamic modulus and frequency values, 
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Figure 4.1: Dynamic Modulus Plotted Against Original Frequencies (ZTSA) 
The master curve was used to describe the viscoelastic response of the asphalt mixture 
over a wide range of frequencies at a given temperature. Since asphalt is a 
thermorheologically simple material, the dynamic modulus values at different 
temperatures can be shifted horizontally relative to a reference temperature to obtain a 
smooth curve. Any horizontal shift in temperature can be quantified using a time-
temperature shift factor. Subsequently, the reduced frequency, y , and reduced time (£) 
can be calculated using Equation 4.4 and 4.5, respectively. 
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Y — faT Equation 4.4 
where, y = reduced frequency 
f = frequency 
ay = time-temperature shift factor 
~ Equation 4.5 
where, L, = reduced time 
t = time 
OCT = time-temperature shift factor 
For a given testing temperature, the time-temperature shift factor, a r , remains constant 
and is applied to all of the viscoelastic properties. The time-temperature shift factor 
shifts the frequency of each dynamic modulus value horizontally along the frequency 
axis, this new frequency is known as the reduced frequency. A base temperature was set 
at 20°C for this project and the shift factor at this temperature was held constant at 1.0. 
Shifted dynamic modulus values are used to construct the final master curve. The 
master curves for this project were fit using a sinusoidal curve given by Equation 4.6: 
Log\E *\ = a + -
 Equa t ion 4 6 
{c+d*\og(r)) 
where, E* = predicted Dynamic Modulus 
a, b, c, d = regression coefficients 
y = reduced frequency 
Temperature shift factors and regression coefficients of master curves are determined 
using the Solver function in MS Excel to minimize the error between the predicted and 
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observed E* values. Figure 4.2 shows the shifted dynamic modulus values and the 
master curve fit to that data using Equation 4.6. At times, overlap in dynamic modulus 
values from one temperature to the next can occur; this displays good continuity between 
testing frequencies and loads, as well as accurate shift factors. In Figure 4.2 each 
temperature transition displayed an overlap of dynamic modulus values, indicating that 
this master curve was a good fit and that there was good continuity between the different 
testing temperatures. This master curve and plot of time-temperature shift factors 
represent an ideal situation. Not all tests resulted in smooth master curves and linear 
time-temperature shift factor graphs. Sometimes outliers occurred within the master 
curves. In these instances, the data was first reanalyzed in Matlab with a different 
timeframe, and if the outlier still remains that point was removed from the master curve. 
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Figure 4.3: Variation of Temperature Shift Factors (ZTSA) 
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For each mix design, two specimens were initially tested to create one master 
curve. In two cases, 25% and 40% RAP mix designs, a third specimen was required to 
verify the mix's mater curve. 
4.2 Strength Testing 
The strength of AC is dependent on physical and chemical properties of the mix, which 
include, material quality, mix design, aggregate orientation, compaction (energy), and 
temperature. Altering any of these properties can easily change the strength of the 
asphalt mix. The strength of the AC indicates the performance that can be expected of 
that AC mix under live and thermal loading conditions. 
4.2.1 Test Parameters 
Strength testing consisted of crushing the specimens with a constant strain rate at a 
consistent temperature. In this project, a strain rate of 2 inches per minute with the 
specimen temperature at 25°C was used. The test was monitored with the same 
instruments as the dynamic modulus tests, sans the LVDTs. A LabView program read 
electrical signals from the load cell and actuator, and converted the signal into load and 
displacement values. The loading continued until the specimen had failed completely. 
The testing specimens were the same specimens that were used for dynamic modulus 
testing, but were rotated 90° (quarter turn) before strength testing to minimize the effects 
of previous dynamic modulus testing. The L-brackets / brass lifters were removed from 
the specimens to lower the risk of damaging the equipment. Figure 4.4 shows the typical 
strength testing setup used. The vertical crack in the specimen indicates that the 
maximum load has been exceeded. Figure 4.5 shows the variation of load in the time in a 
typical strength test. 
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fifflW 
Figure 4.4: Strength Testing Setup 
Figure 4.5: Variation of Load in Constant Strain Rate Test 
4.2.2 Data Reduction and Analysis 
The maximum strength can be calculated using the ultimate load at failure along with the 
dimensions of the specimen. The formula used to find the strength of each specimen is 
given in Equation 4.7 (ASTM D6931 - 07): 
2*Pfn 
t>n ~
 w * u * n Equation 4.7 
where, St;n = strength of specimen 
Pf;n = failure load of specimen n 
bn = average thickness of specimen n 
Dn = average diameter of specimen n 
4.3 Statistical Analysis 
A series of statistical analyses were used to check if there existed any difference among 
different mixes' strength values and dynamic modulus values or curves. This was done 
in two ways. First, the individual dynamic modulus values at specific frequencies were 
compared. It was assumed that if the majority of the individual dynamic modulus values 
were found to be significantly different, then the overall curves could be considered 
significantly different. This also showed which frequency areas were most affected by 
the addition of RAP. In the second method, statistical differences between the mean 
dynamic modulus values of the RAP mix designs were compared. The advantage of this 
method was that it has the capability to utilize a very large specimen set within its 
comparison calculations. These large data sets increase the accuracy of the comparison 
of means and confidence intervals. Also, individual outliers could be removed without 
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significantly affecting the ability of this test to work. Both methods were also used on 
specimens that compared different compaction locations. 
The initial comparison of master curves was done by choosing eleven points 
along the reduced frequency axis (horizontal axis) and using the Student's t-Test to 
compare the corresponding dynamic modulus values. If the majority of locations were 
deemed significantly different, then the two master curves in question were considered 
significantly different. The second comparison found the mean from the entire set of 
dynamic modulus values for each mix design and used the Student's t-Test to compare 
means from other mix designs. 
In both comparison methods, the Student's t-Test was used to determine if the 
mean values of the two different specimen sets were significantly different. The 
Student's t-Test is a statistical procedure which determines the probability that the mean 
from one specimen set is different from another. This probability is represented by the p-
value, and when the p-value is less than the chosen confidence interval (alpha, a = 0.05) 
the hypothesis, or assumption, that both specimen sets are equal, is rejected. This 
conclusion is also referred to as being "significantly different." On the other hand, as the 
p-value increases so too does the confidence in mix similarity, and as the p-value 
approaches one (1.0) the probability that both means came from the same specimen set 
approaches 100%. Along with the p-value, the Student's t-Test computes the 95% 
confidence intervals, which indicate (with 95% confidence) the range in which the true 
population mean falls (19). 
In conclusion, each statistical method has advantages as well as disadvantages and 
neither approach is perfect. Both methods should compliment each other and should 
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result in similar results with differences seen mainly in the details of the comparison. 




This chapter presents the results of each mix design's volumetric properties, dynamic 
modulus master curve, strength testing, and statistical analysis for different asphalt 
concrete mixtures. 
5.1 Dynamic Modulus Testing 
5.1.1 Millings RAP 
The dynamic modulus master curve for the individual mixes containing 0%, 15%, 25%, 
and 40%o RAP, as well as the field cores (100% RAP), are presented in Figures 5.1 
through 5.5, respectively. Figure 5.6 shows the average master curves of the mixes 
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Figure 5.6: Average Dynamic Modulus Master Curves for the RAP Mixes and Field 
Cores (100% RAP) 
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Figure 5.6 shows that as the RAP content was increased, the average dynamic 
modulus increased as well. The increase in dynamic modulus indicates that the mixture 
became stiffer as the amount of RAP increased, which happened mainly in the higher 
frequencies (lower testing temperatures) of the dynamic modulus testing. 
Va plays a significant role in the mechanical properties of a mix, so specimens of 
different air voids cannot be directly compared. Figure 5.7 shows the specimens' RAP 
content and air voids. 
12.0 
0% RAP 15% RAP 25% RAP 40% RAP Field Core Plant-Mix Plant-Mix 
(100% Field- Lab-
RAP) Compat Compact 
Figure 5.7: Air Voids of Tested Specimens 
When compared to the laboratory created specimens, the field cores had a much 
higher Va as well as variable specimen conditions. Since the field cores and laboratory-
created specimens did not have reasonably similar air voids, their test results were not 
directly comparable. Therefore, further statistical analysis was not done. However, the 
strengths of all the specimens can be seen in Table 5.8. 
77 
5.1.2 Statistical Analysis of Millings RAP Dynamic Modulus 
Two different statistical analysis were performed on the dynamic modulus data. The first 
method compared the dynamic modulus values from evenly-spaced reduced-frequency 
intervals throughout each master curve, while the second compared the means of each set 
of dynamic modulus master curve values. The statistical methods were discussed in more 
detail in section 4.3. 
Since the field cores (100% RAP) did not have the same air voids as the other 
RAP specimens, their comparison is not as meaningful as it could be, but the analysis 
was included for curiosity's sake. It is also possible that the method used to measure the 
air voids of the field cores (100% RAP) specimens could have increased their measured 
air voids due to the specimen's rough surface. The dynamic modulus results from the 
plant-mix field-compacted and plant-mix lab-compacted specimens were compared using 
the same methods as the lab-created RAP specimens. 
There were also two instances where the fitted master curves of the initial 
specimens did not coincide well. In these situations, a third specimen was fabricated and 
tested. Both times the third specimen's master curve aligned very well with one of the 
two initial master curves. This indicates that one of the initial specimens was faulty, 
either in fabrication or testing. Since there was no recorded or observed mishaps (aside 
from the dynamic modulus, and strength tests) statistical analysis was done for situations 
including and excluding the two possibly faulty specimens. 
The results of the initial statistical comparisons are presented in Tables 5.1 
through 5.5. Table 5.1 and 5.2 present the Student's t-Test analysis with all of the 
specimens' results used. Tables 5.3 represent the analysis done without both of the 
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possibly faulty specimens, while Tables 5.4 and 5.5 show the results of the Student's t-
Test analysis without the 25% RAP specimen and the 40% RAP specimen, respectively. 
A 95% confidence interval was chosen for the Student's t-Test to determine if the 
specimens were significantly different. 
In this initial statistical analysis, master curves were considered significantly 
different if the majority of the Student's t-Test results were less than, or equal to, 5%; 
also the greater the number of significantly different frequencies, the larger the 
probability that the specimens have significantly different dynamic modulus master 
curves. When the Control (0% RAP) was compared to the 25% and 40% RAP, there 
were two and three significantly different frequencies (Student's t-Test values under 5%), 
respectively. Based on the aforementioned criteria, none of the mix designs appear 
significantly different at the 5% confidence level. When the specimens mixed in the lab 
were compared, the low frequency range (1 Hz and below) showed the most significant 
and near significant p-values (<10%), but when the laboratory-produced specimens were 
compared to the field cores the high frequency (10,000 Hz and above) range showed 
more potentially different areas. The dynamic modulus of the 15% RAP mixture differed 
the least from the other RAP mixtures, suggesting that the 15% RAP mix is statistically 
very similar to the other mixes containing higher RAP contents. Only by omitting the 
ZTSB's (40% RAP outlier specimen) dynamic modulus curve did the 0% RAP and 40% 
RAP curves become significantly different, seen in Table 5.5. In this scenario, the 40% 
RAP dynamic modulus curve is also significantly different from the 100% RAP curve. It 
is important to note that even though the number of points along the dynamic modulus 
curve is operator-chosen, they are chosen at equal intervals throughout the reduced 
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frequency range and therefore, the number of chosen points would not affect the percent 





































































































Table 5.2: Results of Initial Statistical Analysis of Mixtures Containing RAP and Field 







































































Table 5.3: Results of Initial Statistical Analysis of Mixes 




























Table 5.4: Results of Initial Statistical Analysis of Mixes 







































































Table 5.5: Results of Initial Statistical Analysis of Mixes 






































































The second statistical analysis used the statistical program JMP , from the SAS 
Institute Inc., to compare the means of the mix design's dynamic modulus curves, using 
the Student's t-Test. In this analysis, the means of each mix design's total set of dynamic 
modulus values were compared. Figures 5.8 to 5.10 present the outputs from the JMP® 
statistical analysis of the RAP-based mix designs (including 0% RAP). In Figure 5.8 the 
dynamic modulus values for each RAP percentage is represented by the black dots, the 
means of the respective RAP percentages are shown as the centerline of the green 
diamond (with the ends of the diamonds representing the 95% confidence interval), and 
the red and grey circles are a visual representation of the Student's t-Test. The bold red 
circle represents the control mean from which the other means are compared, a bold grey 
circle indicates that the mean is significantly different from the control mean, and a thin 
red circle indicates that the mean is similar to the control. 
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With the 0% RAP mixture as the control, only the 40% RAP was significantly 
different. Figure 5.9 shows a list of the mean dynamic modulus values, number of 
specimens used in the test, standard error, and confidence intervals for each mix design. 
Figure 5.9 is a numerical summary of the graph in Figure 5.8. 







.for Oneway Anova 
Field Core (100%) 



































Figure 5.9: Means, Standard Error and 95% Confidence Intervals of Second Statistical 
Analysis 
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The Student's t-Test results are shown in Figure 5.10. The Student's t-Test compares all 
combinations of means and determines the p-value between each pair of means. It can be 
seen that the only significantly different p-values (less than an alpha of 0.05) were the 
comparisons of 40% vs. 0% RAP and 40% vs. field cores (100% RAP). 
^ Means Comparisons 
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Figure 5.10: RAP Mix (Level) Comparisons, and Graphic Depiction of Significant 
Differences Between Percentages (Levels) for Second Statistical Analysis 
The 0% and field cores (100% RAP) have the lowest dynamic modulus values, while the 
15%, 25%, and 40% RAP show higher values, with 40% RAP as the highest mix. These 
later three mixes were deemed statistically similar to each other and the 15% and 25% 
RAP were almost equal (p-value approaching 1.0), while the 40% RAP had a slightly 
stiffer dynamic modulus. Figure 5.10 is a numerical representation of the results shown 
graphically in Figure 5.8. The first two columns of Figure 5.10 show the two RAP 
contents that are being compared, the third column is the difference in mean dynamic 
modulus values, the forth and fifth columns show the lower and upper confidence 
intervals (based on an alpha value of 0.05), and the sixth column represents the p-value 
















































each pair's dynamic modulus differences as a red bar, and the 95% confidence intervals 
as solid blue lines. The p-values for the 40% vs. 0% RAP and 40% vs. field cores (100% 
RAP) have p-values below 0.05 and are, therefore, deemed significantly different. The 
p-value for the 15% vs. 25% RAP is 0.9340, which adds strength the findings from the 
initial statistical analysis that the 15% and 25% RAP dynamic modulus means had almost 
no difference. If the field cores are not considered in this comparison, the 0% vs. 40% 
RAP is the only mix comparison that is deemed significantly different (p-value = 
0.0128). It should be noted that the 0% vs. 25% RAP (p-value = 0.0940), and 0% vs. 
15% RAP (p-value of 0.1087) are close to having significantly different means, implying 
that that amount of RAP increases the stiffness of the mix. Although the p-values for the 
40% vs. 15% RAP and 40% vs. 25% RAP do appear to be statistically similar, the 
apparent trend seems to be that increased RAP content leads to an increased stiffness in 
the mix. 
5.1.3 Plant-Mix Lab-Compact and Plant-Mix Field-Compact 
The dynamic modulus master curve for each set of plant-mixed specimens was 
constructed in the same way as with the lab-mixed specimens. Table 5.6 shows the RAP 
content and air voids of the plant-mix field-compacted and plant-mix lab-compacted 
specimens. The dynamic modulus master curves for the plant-mix lab-compacted and 
plant-mix field-compacted specimens are shown in Figures 5.11 and 5.12, respectively. 
Figure 5.13 shows both the plant-mix field-compacted and plant-mix lab-compacted 
dynamic modulus master curves on a single graph, where the lab-compacted specimens 
showed a stiffer dynamic modulus. 
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Table 5.6: Air Voids and RAP Content of Plant-Mix Field-Compacted and Plant-Mix 
Lab-Compacted Test Specimens 
Specimen Name 
Plant-Mix Lab-Compact 6 
Plant-Mix Lab-Compact 7 
Plant-Mix Lab-Compact 8 
Plant-Mix Lab-Compact 9 
Plant-Mix Field-Compact 7 
Plant-Mix Field-Compact 8 
Plant-Mix Field-Compact 9 
Piant-Mtx Field-Compact 10 
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Figure 5.11: Plant-Mix Field-Compact (NFC) Dynamic Modulus Master Curve and 
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Figure 5.12: Plant-Mix Lab-Compact (PMTS) Dynamic Modulus Master Curve and 
Individual Dynamic Modulus Values 
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Figure 5.13: Comparison of Plant-Mix Field-Compact (NFC) and Plant-Mix Lab-
Compact (PMTS) Mix Dynamic Modulus Master Curves 
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5.1.4 Statistical Analysis of Plant-Mix Lab-Compact and Plant-Mix Field-Compact 
Dynamic Modulus 
The field-compacted specimens produced a wider range of dynamic modulus data since 
the air voids and specimen condition (thickness and boring quality) varied greatly from 
specimen to specimen. The plant-mix field-compacted specimens were field cores taken 
from a large area with possibly different compacting conditions. Additional field 
compacted specimens were not available if the desired specifications were not met. The 
plant-mix lab-compacted specimens were mixed at the plant and individually compacted 
and cut in the lab; there was enough material to make more of these specimens if the 
desired air voids were not achieved. 
Table 5.7 shows the results of the initial statistical analysis done on the dynamic 
modulus master curves for the plant-mix field-compacted and plant-mix lab-compacted 
specimens. It can be seen that six of the eleven frequency locations had significantly 
different dynamic modulus values. These values occurred at the lower reduced 
frequencies, which was similar to the laboratory fabricated specimens containing RAP. 
In this situation, the specimens mixed at the plant and then compacted in the Lab were 
stiffer than those created entirely in the field. 
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Table 5.7: Results of Initial Statistical Analysis of Plant-Mix Field-Compacted (NFC) 



























Figures 5.14 and 5.15 present the outputs from the JMP statistical analysis of the 
plant-mix lab-compacted and plant-mix field-compacted specimens. Figure 5.14 shows 
the comparison of compaction locations using the second statistical method. The plant-
mix lab-compacted specimens had a significantly higher mean dynamic modulus than the 
plant-mix field-compacted specimens; this comparison had a p-value of 0.0469. Figure 
5.15 shows the numeric values of the mean, standard error and 95% confidence intervals. 
The plant-mix lab-compacted mix had a mean dynamic modulus value 1260 MPa higher 
than the plant-mix field-compacted mix. The Upper and Lower Confidence Limits were 
2503.36 MPa and 17.22 MPa, respectively. The p-value of this comparison was 0.0469. 
The plant-mix field-compacted and plant-mix lab-compacted mixes are believed to have 
significantly different mean dynamic modulus values, with the lab-compacted mix being 
stiffer. This agrees with the initial statistical analysis for the plant-mixed specimens. 
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Figure 5.14: Results of Second Statistical Analysis of Plant-Mix Field-Compact 
(NFC) and Plant-Mix Lab-Compact (PMTS) Specimens 
Means for Oneway Anova S j 
Level Number Mean Std Error Lower 95% 
NFC 159 5588.33 447.46 4708.0 
PMTS 160 6848.62 446.06 5971.0 




Figure 5.15: Means, Standard Error and 95% Confidence Intervals of Second Statistical 
Analysis 
5.2 Strength Testing Results and Statistical Analysis 
Strength test results are presented in Table 5.8 (with outlier specimen FC5 in grey), while 
Table 5.9 shows the results of the Student's t-Test for the mixes containing RAP. A bar 
chart comparing the average strength values of the different RAP mixes is presented in 
Figure 5.16. Figure 5.17 compares the plant-mix field-compacted and plant-mix lab-
compacted mix strength. In Figures 5.16 and 5.17 the thick vertical dark blue bars 
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represent the average strength (MPa) of the particular mix design, while the thin black 
vertical line (located at the top of each bar) represents the range of strength values 
obtained for each mix. The thick light blue bar at the far right side of Figure 5.16 
represents the strength of the 100% RAP (field cores) specimens omitting the outlier 
specimen FC5. 












































































Table 5.9: Student's t-Test Results for Strength Va: lues of Mixes Containing RAP 
0% RAP 15% RAP 25% RAP 40% RAP 
15% RAP 5% 
25% RAP 0% 38% 
40% RAP 1 % 34% 58% 
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Figure 5.16: Average Measured Strength Plus the High and Low Values for the Millings 
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Figure 5.17: Average Measured Strength Plus the High and Low Values for the Plant-
Mix Field-Compacted and Plant-Mix Lab-Compacted Specimens 
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From Figure 5.16, it is clear that the strength of the RAP mixtures increased with 
the addition of RAP. However, the field cores (100% RAP) specimens had lower 
strength than the other RAP specimens. One possible reason for the decreased strength is 
higher Va (with the exception of specimen FC5), which is also the reason the field cores 
(100% RAP) cannot be directly compared to the other RAP mixture specimens. 
The plant-mix lab-compacted specimens showed a higher strength than the plant-
mix field-compacted specimens. One possible reason for this could be the difference in 
compaction methods. From Figure 5.13 and 5.17, it can be seen that the plant-mix lab-
compacted specimens have both stiffer dynamic modulus values as well as higher 
strength values, when compared to the plant-mix field-compacted specimens. 
It can be seen in Table 5.8 and Figure 5.16 that the 0% RAP specimens are 
significantly less strong than the other RAP mix, except for the field cores (100% RAP). 
However, the other RAP mix are not significantly different from each other. 
The strength of the plant-mix lab-compacted mix and the plant-mix field-
compacted mix was compared using the same statistical method as with the RAP 
mixtures, except that a confidence interval of 99% (stronger than the 95% used in 
previous analysis) was able to be used. The plant-mix lab-compacted specimens were 
significantly stronger than the plant-mix lab-compacted specimens with a p-value of 
0.0078%. These results are similar to those from the dynamic modulus testing. 
5.3 Summary of Statistical Results 
The initial statistical comparison of dynamic modulus values at specific reduced 
frequencies resulted in none of the mix design combinations being significantly different, 
as seen in Figure 5.1 and 5.2. Although there were some areas of significant differences 
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there weren't enough to determine that the mixes were different. However, when the 
specimen ZTSB (40% RAP) was removed, the 0% vs. 40% RAP and 40% vs. field cores 
(100% RAP) mixes became significantly different. It is also worth noting that the 
different segments that had p-values below 0.05% tended to cluster in one of two areas, 
depending on whether the 0% or field cores (100% RAP) specimens were present in the 
comparison. When the 0% RAP was involved in the comparison, the significant 
differences tended to occur in the early (low frequency) region, generally less than 1Hz; 
but when the field cores (100% RAP) specimens were present in the comparison, the 
significant differences occurred more in the later (high frequency) regions, generally 
1000Hz and up. In the circumstances where neither 0% RAP nor 100% RAP (field 
cores) specimens were compared, the reduced frequency areas where significant 
differences were present were more spread out, although the majority of the significant 
differences occurred in the later (high frequency) part of the curve, as seen in Table 5.3 
and Table 5.5. It should be noted that Tables 5.1 and 5.2 contain all of the specimens, 
and Tables 5.3 through 5.5 do not contain the YTSD and ZTSB (25% and 40% RAP) 
specimens, who's dynamic modulus graphs indicate possible faulty specimens. 
The second statistical method found that means of the pairs 0% vs. 40% RAP and 
40%o vs. 100% RAP (field cores) differed significantly. This corresponds well to the 
results found with the initial method when omitting specimen ZTSB. 
From the statistical analysis it also helps to look at those comparisons that are 
significantly similar. With both methods of comparison there was little difference 
between the specimens containing RAP (excluding the 100% RAP (field cores) 
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specimens). Also, the differences between the 15% and 25% RAP mixes were almost 
negligible with both methods of comparison. 
The results of the strength testing were similar to those of the dynamic modulus 
testing. The statistical analysis showed that the 0% and 100% RAP (field cores) 
specimens were significantly less strong than the 15%, 25%, and 40% specimens (with 
the exception of one 100% RAP (field cores) specimen being the strongest specimen 
tested, thought to be an outlier). No significant strength differences were found between 
the 15%, 25%o, and 40% RAP mixes. The compaction location played a significant role 
in strength and dynamic modulus results, with the lab-compacted specimens having both 




RAP has long been known to be stiffer than virgin HMA, however, effects of blending 
the reclaimed material with virgin materials is still not completely understood. This 
project studied the interaction among RAP material, virgin aggregate, and virgin binder, 
as well as studying the effects of RAP on the overall mix properties. A macroscopic 
approach was used for determining how different percentages of RAP affect virgin HMA, 
as well as how compaction location affects mixture properties. The dynamic modulus, 
strength, and volumetric properties were studied for mixes with a range of RAP 
percentages (0%, 15%, 25%, 40%, and 100% RAP), as well as different mixing and 
compaction locations. The mix designs for this project were designed using a 15% RAP 
mix gradation as a reference guide. Raw millings were processed in the lab and used in 
place of plant-processed RAP material so that cores taken from the roadway prior to 
milling could be tested as theoretical 100% RAP specimens. These specimens turned out 
to have extremely high air voids, and were therefore not directly comparable to the other 
RAP specimens. Plant-mix lab-compacted and plant-mix field-compacted specimens 
were also compared to examine the possible differences caused by compaction method. 
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6.1 Conclusions Based on Findings of this Project 
• With an increase in RAP content, laboratory-prepared mixes became stiffer and 
stronger. The mean dynamic modulus and strength of the 40% RAP mix was 
significantly higher than the mean dynamic modulus and strength of the 0% RAP 
mix. 
• Specimens compacted in the lab were stiffer and stronger than those compacted in 
the field. 
• From the individual specimen's dynamic modulus curves, the addition of RAP 
increased the recycled mix's variability. The control specimens exhibited less 
variability than the 25%, and 40% RAP mixes, as extra samples were needed for 
curve verification. 
• At lower reduced frequencies (higher testing temperatures) the specimens' 
dynamic modulus differ little from each other, while at higher reduced 
frequencies (lower testing temperatures) the differences were more significant. 
The statistical analysis also confirmed this conclusion. 
• Low RAP contents were found to affect the low frequency regions while high 
RAP contents were found to affect the high frequencies regions of the dynamic 
modulus curves. 
o When the control mix specimens (0% RAP) were compared to other mix 
design specimens, most of the significant differences were found in the 
low frequency range (0.001 to 1 Hz). On the other hand, when specimens 
having higher RAP contents were compared to other mix design 
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specimens (i.e. 40% and 100% RAP), significant differences were found 
at the higher frequency range (10,000 to 10,000,000 Hz). 
o An increase in RAP content caused the dynamic modulus curve to 
increase at higher frequencies, resulting in a stiffer mix at those 
frequencies. 
Statistical analysis showed only the control (0%) and 40% RAP mixes to differ 
significantly, although with more specimens, this could increase. It has been industry 
standard to test only two specimens from each mixture and construct one dynamic master 
curve for that particular mix design. Present experience shows that two specimens are 
often not sufficient for obtaining a reliable statistical confidence interval, and the number 
of specimens tested should be chosen depending on the amount of RAP used as well as 
the desired confidence interval. 
From statistical analysis, it is determined that dynamic modulus and strength 
values do not increase linearly with an increase of RAP content. The field cores (100% 
RAP) had lower dynamic modulus and strength values than the mixes with some RAP 
percentage, as well as more variability than the laboratory-fabricated specimens. Some 
reasons for these variations could include, but are not limited to, physical and chemical 
changes, change in air voids, binder oxidation, repeated loads, and surface wear. The 
findings in this study suggest that increased RAP contents could lead to increased fatigue 
and thermal cracking susceptibility, while low RAP contents could lead to decreased 
rutting resistance. 
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6.2 Areas for Future Research 
In order to judge the significance and contribution of RAP and mixing and compacting 
locations, specimens need to have similar material contents, air voids, and aggregate 
grades. In this project, the 100% RAP specimens did not have aggregate gradation or air 
voids within a reasonable proximity to the other specimens containing RAP and, 
therefore, the dynamic modulus and strengths are not directly comparable. With 
consistent material, aggregate gradation, and air voids, the mechanical properties can be 
more appropriately compared. 
Thus, for future research, field cores representing 100% RAP should be replaced 
by specimens that are mixed and compacted with a maximum RAP percentage that the 
mix design's gradation curve will allow. The mixes used to compare compacting 
location should also match the overall aggregate gradation and air voids of the other 
mixes containing RAP; this way specimens made in the lab can be compared to the plant-
mix lab-compacted and plant-mix field-compacted specimens. The gradation and air 
voids of the laboratory produced specimens should therefore be based upon the field 
cores available, and specimens made in the lab should correspond to those found in the 
field. 
The Corelok® method of measuring air voids could also be investigated as 
artificially increasing the measured air voids of rough specimens, such as the 100% RAP 
(field cores) specimens in this study. Also, since air void discrepancies were a major 
factor in this project, the effects of air void content on the mechanical properties of each 
RAP mix should also be examined. 
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Additionally, as discussed in section 6.2, greater statistical confidence is obtained 
by increasing the number of specimens tested. Therefore, an increased number of 
specimens used for dynamic modulus master curve construction is recommended, 
especially when higher RAP contents are being evaluated. Statistical analysis should also 
be used to study the effects of specimen variability on macroscopic properties as well as 
subsequent determination of an optimal number of specimens for statistical accuracy. 
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1. Large, rectangular, flat bottom, aluminum pan 
2. One gallon paint cans with lid and lip removed 
3. One pint paint cans with lid and lip removed 
4. Small stainless steel batching bowl 
5. Scoop and spatula 
6. Balance: 0.1 gram accuracy 
7. Aluminum foil 
Procedure: 
1. Prepare a spread sheet showing the weight of each grade of aggregate needed for the 
specific mix. 
2. Clean and dry one rectangular pan or 1 gallon paint can for each specimen being 
batched, choose pan or can depending on the amount of virgin aggregate needed for 
each specimen. Organize pans and cans on a hard, level surface, and label each with 
their respective mix design and specimen ID. Specimens of 3500 grams gross 
weight, or greater, require rectangular pans while those under 3500 grams should be 
batched into the one gallon paint cans. The RAP material for each specimen is 
batched separate from the virgin aggregate, as it requires different heating times. 
Label each RAP container similarly to that of the virgin aggregate. 
3. Starting with the largest grade of aggregate and working down, measure out the 
correct amount of material (within 0.3 grams for aggregates larger than #4 and 0.1 
106 
grams for aggregates #4 and below), and place each amount of aggregate into its 
designated container. 
4. A piece of aluminum foil covers the specimen to prevent fines from blowing out of 
the specimen during heating in the convection oven. 
5. Extra material is loosely batched into another pan for buttering the mixing bucket 




1. Convection ovens 
2. Heat resistant gloves 
3. Extra rectangular pans and aluminum foil 
4. Mixing tools 
a. 2 large stainless steel spoons 
b. 1 large stainless steel spatula 
c. 1 medium stainless steel spatula 
d. 1 small stainless steel spatula 
e. Mixing bucket, and paddle 
5. Motorized mixer 
6. Blow torch 
7. Large balance ( > 15kg capacity) 
Procedure: 
1. Batched virgin aggregate is placed in oven at 175°C for at least 6 hours prior to 
mixing. 
2. The mixing tools and RAP are placed in the oven at 175°C two hours prior to mixing. 
3. The virgin binder is placed on a hot plate one hour prior to mixing. The binder is 
constantly checked and stirred so as the temperature range of 157 - 163°C is 
maintained but not exceeded. 
108 
4. The mixing bucket is buttered with extra aggregate and liquid binder prior to mixing. 
This is meant to mitigate extra loss of material to the sides of the mixing bucket from 
the first specimen. 
5. The mixing bucket and paddle are then weighed and recorded, the paddle is placed 
back in the 175°C oven and the scale is zeroed with only the mixing bucket. 
6. The virgin aggregate is poured into the bucket, the weight is recorded, and the scale is 
zeroed. The RAP is added next, the weight recorded and the scale zeroed, again. An 
indentation is made within the RAP or the virgin aggregate for the liquid binder to 
poured (causes pooling binder which is helpful if extraction of excess binder needed). 
The liquid binder is then poured into the empty pool (adding or subtracting material 
quickly as the material will lose heat), and the binder weight is recorded. 
7. The bucket is then moved to the motorized mixer, where mixing with the paddle 
begins. The blow torch is used to heat the outside of the mixing bucket to lessen heat 
loss which helps prevent material from sticking to the sides of the bucket. 
8. A heated, empty pan (possibly the pan used for batching) is placed on the balance and 
zeroed. 
9. When all of the virgin and reclaimed aggregate has been coated by binder and the mix 
is run for another 1-2 minutes, and is then emptied into the waiting pan. The fine 
material that has clung to mixing surfaces is scrapped into pan as well. The bucket 
and paddle are then placed back in the 175°C oven. The asphalt mixture is spread 
evenly around the pan, the final weight is recorded, the mixture is covered, and the 
time is recorded. 
10. The asphalt mixture is then placed in the oven at 145°C for short term aging.. 
109 




1. Convection oven 
2. Heat resistant gloves 
3. Clock or timer/stopwatch 
Procedure: 
1. All of the mixtures are aged for 2 hours at 145°C. 
I l l 
Compaction 
Equipment: 
1. Molds and mold papers 
2. Superpave Gyratory Compactor 
3. Computer 
4. Spoon 
5. Large spatula 
6. Large window fan 
7. China pencil 
8. Balance capacity of 64 kg 
Procedure: 
1. Molds are to 350°F for at least 2 hours prior to compaction. 
2. Mold papers equal to twice the number of specimens being compacted are set aside in 
pairs. 
3. On one of each pair the specimen ID is written in marker. 
4. When the mixed asphalt concrete has short term aged, a compaction mold is taken out 
of the oven, placed on the scale and the scale is zeroed. 
5. The blank piece of mold paper is placed on the bottom; the paper weight is negligible 
in comparison to the mold weight so it does not need to be present when zeroing the 
scale. 
6. One third to one half of the asphalt concrete is then poured into the mold, and using a 
straight spatula the edges are sheared (spatula is rammed down into the mix along the 
mold edge) to prevent the mix from sticking to the edges during compaction. 
112 
a. Option A. If the specimen compaction is height dependent, step 6 is 
repeated until all of the asphalt has been put into the mold (the weight of 
the resulting asphalt concrete should be close to that used in the original 
mix design), and then move on to step 8. 
b. Option B. If the specimen compaction is weight dependent, step 6 is 
repeated with the mold on the scale for the pouring of the asphalt and the 
mold off the scale for the shearing along the edges until the desired weight 
is reached. 
8. The top mold paper (labeled with specimen ID) is placed on top of the asphalt in the 
mold. 
9. The mold is then placed inside the SGC; the mold is lowered, and then locked. 
10. The proper number of gyrations (for weight dependent compacting), or the height is • 
set. 
11. The program is run and the specimen is compacted. 
12. When the mold is removed from the SGC it is placed in front of a large window fan 
and let cool for 15 to 25 minutes. 
13. When the mold has cooled enough to touch with bare skin the specimen is extracted. 
14. The top paper is removed and the specimen tag is written on the specimen top with a 
china pencil, and the specimen is then taken from the extracted mold base and the 
bottom paper is pealed from the specimen. 
15. The specimen is then placed in front of the fan to cool, not on the same spot as the 
mold, since that area is heated and could alter the bottom of the specimen. 
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Appendix B - Processing of Millings RAP 
114 
Processing of Millings 
PIKE Industries processes millings through a crusher and a 7/16 inch screen. All 
millings from a season are mixed together to form the RAP stockpile for the following 
season. 
The millings used in this project were sent through a small motorized crusher with 
adjustable crushing size. The width of the crusher ranges from 7/16"-1/2" to 1/8"-1/4". 
All off the millings material was sent through this crusher and specimens were taken at 
the beginning, middle and end of each 5 gallon (approx. 50 lb) bucket 
250 pounds of millings were given by PIKE Industries, 150 pounds were labeled 
"9/12/05 Epsom - Northwood Westbound Ground material" and the remaining 100 
pounds were labeled as from the eastbound lane. The millings were then crushed into a 
gradation similar to the Plant Processed RAP supplied by PIKE, a crude sieve analysis 
was used for initial inspection. 3000 grams of millings were later sent to the NHDOT for 
a gradation (seen in Table 3.4), and binder analysis. 
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APPENDIX C - Indirect Tension Testing Data 
116 
CI: WTSA SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C2: WTSB RSS Indirect Tension Testing Data 
TESTING FREQUENCY LOAD LVDT 
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C3: XTSC SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C4: XTSD SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C5: YTSA SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C6: YTSMX SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 


































































































































































C7: ZTSA SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C8: ZTSF SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 


































































































































































C9: FC2 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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CIO: FC3 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 


































































































































































CI 1: FC4 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 

























































































































1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
1 + 2 
127 
C12: FC5 RSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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CI3: FC6 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C14: FC7 RSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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CI5: NFC7SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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CI6: NFC8 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C17: NFC9 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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CI8: NFC 10 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LOAD LVDT 
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CI9: NFC 12 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C20: PMTS5 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C21: PMTS7 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C22: PMTS8 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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C23: PMTS9 SSS Indirect Tension Testing Data 
TESTING FREQUENCY LVDT 
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Clarification of Notes Found in Above Tables 
• "LVDT BACK FACE" refers to the two LVDTs that were glued to the side of the 
specimen that was facing the rear, side of cooling agent inflow, of the climate 
chamber. 
• "(### accidental)" refers to a load of ### lbs, that was accidentally applied to the 
specimen just prior to the loading cycle. The load was applied for one to two 
seconds and was the result of incorrect positioning adjustment of the specimen 
prior to dynamic modulus testing. 
Notes Made on Specimens Throughout Testing that Were Not Included in the 
Above Tables 
• NFC9 - experienced creep from heavy specimen resting on one face during L-
Bracket installation, then crept back into position 
• NFC9 - LVDTs 1 + 2 seeing 30 -50 ms of noise 
• NFC 10 - Specimen is lop sided in jig, rotation is possible 
• NFC 12 - specimen rotated, back side had less micro strain 
• FC2 - not an even core, rough/surface side had less strain. Tried to even out 
loading points, flatten out coring area, by applying load at room temp, loads were 
300,400,600,700 
• FC3 - Cracks noticed after accidental loading of 1601b @ 2Hz for 30 cycles prior 
to 30C, 2Hz, 601bs 1 + 2 
• FC4 - not evenly cut/ cored 
140 
• FC6 - at 30C 5Hz 1751bs 3 + 4, cracks were noticed 1-1.5 inches from the top, 
this could alter |E* | 
141 
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